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Grapheme-color synesthesia is a condition characterized by enduring and consistent
associations between letter/digits and colors. This study is the continuation of longitudinal
research begun by Simner et al. (2009) which aimed to explore the development of this
condition in real time within a childhood population. In that earlier study we randomly
sampled over 600 children and tested them aged 6/7 and 7/8 years. We identified
the child synesthetes within that cohort and measured their development over 1 year,
in comparison to a group of non-synesthetic children with both average and superior
memories. We were able to show the beginnings of a developmental progression in
which synesthetic associations (e.g., A = red) mature over time from relatively chaotic
pairings into a system of fixed consistent associations. In the current study we return
to this same population three years later when participants are now 10/11 years. We
used the same paired-association memory task to determine the synesthetic status
of our participants and to also establish synesthetes’ inventories of grapheme-color
associations. We compared their inventories to those from age 6/7 and 7/8 years to
examine how synesthesia matures over time. Together with earlier findings, our study
shows that grapheme-color synesthesia emerges with a protracted trajectory, with 34%
of letters/digits fixed at age 6/7 years, 48% fixed at 7/8 years and 71% fixed at 10/11
years. We also show several cases where synesthesia is not developing in the same
time-frame as peers, either because it has died out at an older age, or because it was
slower to develop than other cases. Our study paints the first picture of the emergence
of synesthesia in real-time over four years within a randomly sampled population of child
synesthetes.
Keywords: grapheme-color synesthesia, development, consistency, children, longitudinal, childhood
INTRODUCTION
For people with grapheme-color synesthesia, letters or digits
have fixed enduring conscious color associations. For example,
the letter A might be red, B might be blue, C might be yel-
low and so on. In the terminology of the literature, letters and
digits are the “inducers” of grapheme-color synesthesia, and the
color itself (i.e., the synesthetic experience) is the “concurrent”
(Grossenbacher, 1997). Synesthetes report that concurrent colors
are either experienced in the mind’s eye, or can be projected out
into space onto objects such as the written typeface (Dixon et al.,
2004). Studies have established that grapheme-color associations
have a likely genetic aetiology (Asher et al., 2009; Tomson et al.,
2011), that they are neurologically driven (e.g., Hubbard et al.,
2005; Rouw and Scholte, 2007; Weiss et al., 2009) and that they
tend to be automatically triggered without conscious effort on
the part of the synesthete (e.g., Dixon et al., 2000). Despite a rel-
ative wealth of contemporary findings on synesthesia produced
in recent years, questions about the development of synesthe-
sia have been largely overlooked in empirical terms. This study
aims to address this by examining how these unusual associations
are acquired throughout childhood in a random sample of child
grapheme-color synesthetes.
Within the field of synesthesia research, the study of develop-
ment in childhood has been hindered by a difficulty in recruiting
child synesthetes. Other neurodevelopmental child cohorts (e.g.,
children with autism) can be readily found following their refer-
rals to clinics, but these routes are not available for researchers
of synesthesia since the condition is not classified as pathology.
Options for recruitment are therefore limited to inviting partici-
pation from the synesthetic children of known adult synesthetes
(Green and Goswami, 2008), or to the time-intensive scanning
of large random populations to detect the comparatively small
number of child synesthetes within them (Simner et al., 2009).
The former approach raises questions of scientific validity because
the children of known adult synesthetes, often study partici-
pants themselves, are unlikely to represent the population of
child-synesthetes at large. Instead they are the children of fam-
ily environments led by motivated parents with an interest in
scientific research and the engagement in science, and in par-
ticular with an interest in synesthesia (Simner et al., 2009). For
all these reasons both the children themselves and the children’s
synesthesia may be non-representative of what we might expect
from the average synesthete child, randomly sampled. The only
study to have attempted the latter screening approach in order
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to find randomly sampled child synesthetes (Simner et al., 2009)
was considerably time-intensive because the rarity of synesthesia
requires screening large samples for comparatively small numbers
of synesthetes (e.g., 8 grapheme-color synesthetes found in 615
children screened by Simner et al., 2009). However, once found,
those child synesthetes were, and remain, an extremely valuable
population, and we know of no other similar cohort anywhere in
the world. For this reason, we continue to explore the develop-
ment of these children in the current paper, showing how their
condition has matured now they are four years older than when
first tested.
The requirements of our current study—and those of Simner
et al. (2009)—were first to have an objective means of identifying
child synesthetes from a large sample of children, and second to
have a way to evaluate how their synesthesia is developing over
time. The test to identify synesthetes used by Simner et al. (2009),
and again here, is based on the behavioral “gold standard” task
(Rich et al., 2005): a test of consistency over time. In this test,
synesthetes are identified by the fact that people with synesthesia
tend to have consistent and enduring inducer-concurrent rela-
tionships. In other words, for any given synesthete, each inducer
(e.g., a letter) will tend to elicit the same concurrent color over
time (e.g., if the letter A is red, it tends to always be red for that
particular synesthete, in repeated testing). This consistency was
first demonstrated by Baron-Cohen et al. (1987) who showed
that a grapheme-color synesthete reported the same colors for
over 100 letters and words in two different testing sessions sepa-
rated bymore than twomonths. This consistency effect is perhaps
the most replicated finding in the synesthesia literature: studies
have replicated it in grapheme-color synesthesia (Dixon et al.,
2000; Edquist et al., 2006; Eagleman et al., 2007), sound-color
synesthesia (Ward et al., 2006), word-taste synesthesia (Ward and
Simner, 2003), and so on—indeed, within virtually every study
of synesthesia within the last decade. Across these studies, synes-
thetes tend to be between 80 and 100% internally consistent over
time (e.g., Ward et al., 2005); in contrast, a non-synesthete con-
trol tends to be around 25% internally consistent when asked
to generate and then recall analogous associations (e.g., to free-
associate colors to letters and then recall these associations in
a retest). Indeed, controls score poorly even when tested over
a considerably shorter time interval (e.g., 17% consistent when
retested after just 2 weeks; Baron-Cohen et al., 1987). Given this,
the test of consistency has been adopted as the primary means
for identifying genuine synesthesia (but see Simner, 2012 for
discussion): synesthetes are required to be significantly more con-
sistent in recalling their associations compared to a group of
non-synesthete controls.
The consistency test used to identify child synesthetes in
Simner et al. (2009) will be used again in the current study.
Simner et al. tested 615 children aged either 6 or 7 years (which
we henceforth refer to as “aged 6/7 years”). Each child took part in
an on-screen test in which they viewed the letters of the alphabet
and the digits 0–9, one by one, in a random order. Accompanying
each grapheme was an on-screen palette of 13 colors, and chil-
dren were required to pair each grapheme with a color as they
saw fit. When all graphemes had been shown, the test paused
for approximately 10 s, then participants repeated the test again.
Simner et al. compared the grapheme-color choices made before
vs. after the 10-s pause, to establish for each child how consis-
tent his/her color choices had been across that short interval.
On average, children selected the same color for only 3.5 out of
the 36 graphemes. However, 47 children had consistency scores
significantly higher than the mean and these were classified as
“potential synesthetes”—in that their high consistency may have
been indicating they were synesthetes. To further clarify this,
Simner et al. returned one year later, when the children were
now aged 7/8 years. Simner et al. presented the same test again,
but this time compared the grapheme-color associations made
by each “potential synesthete” across the entire year that had
passed. By doing this they found eight children who continued
to be highly consistent even across this extensive time interval.
These eight children were therefore categorized as genuine synes-
thetes on the assumption that maintaining this consistency would
be a hugely challenging task for non-synesthetes. Indeed, Simner
et al. required that their synesthetes had consistent colors both
across 12 months (compared to their entire peer group over just
10 s, in Session 1) and also across 10 s at age 7/8 years (and here
they were compared to 40 orthogonally age/sex-matched controls
who were also selected for retesting at age 7/8, because they had
been representative of perfectly average non-synesthete children
in Session 1). After removing these eight “genuine synesthetes,”
Simner et al. classified the remaining 39 “potential synesthetes” as
“high-memory non-synesthetes,” since these children had likely
performed well when first tested (i.e., over 10-s) based solely on a
high memory span.
In the current study we aimed to repeat this process with
the same cohort of children, now that they are aged 10/11
years (i.e., 8 synesthetes, 39 high-memory non-synesthetes and
40 average-memory non-synesthetes). Our first intention was
to establish whether the child synesthetes identified previously
are still exhibiting the behavior of synesthetes after three more
years have passed. It is possible that synesthesia may die out in
some individuals, and there are three reasons to suspect this.
First, there are anecdotal reports from adults suggesting they
had synesthesia in childhood which they no longer have. Second,
Simner et al. (2009) found a numeric trend toward finding more
synesthetes in their younger (originally aged 6) vs. older (orig-
inally aged 7) age group, although the small numbers in that
study gave insufficient power to test this statistically. Finally, a
decline in synesthesia through childhood is also predicted by
the most widely accepted developmental model of synesthesia:
the Neonatal Synesthesia Hypothesis (Maurer, 1997). This model
proposes that all neonates and young infants experience sen-
sory/perceptual stimuli in a synesthetic manner (Spector and
Maurer, 2009). However, children are thought to gradually lose
these exaggerated abilities through selective pruning of synap-
tic connections in childhood because these connections may no
longer be adaptive to development and general cognition (Spector
and Maurer, 2009). Synesthetes, on the other hand, are thought
to maintain these connections into adulthood, either via absent
or delayed synaptic pruning. These proposals are backed up by
infant neuroimaging studies: verbal stimuli can activate both ver-
bal and visual cortex in a way that is not observed in the adult
population (Neville, 1995) thereby suggesting a less modularized
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processing in infants. Additionally, sound and color associations
have also been found in infants that mirror those observed later in
older sound-color synesthetes (Mondloch and Maurer, 2004). If
the neonatal synesthesia hypothesis is correct, this would suggest
that synesthesia may die out in some children as the normal prun-
ing processes in development run their course (see Huttenlocher
and Dabholkar, 1997 for a discussion on the time-course of this
pruning). Our study will test whether any children previously
identified as synesthetes fall below that classification now that
more time has passed.
As well as identifying child synesthetes, Simner et al. were able
to evaluate how these children’s synesthesia had developed over
the one year that had passed between their two testing sessions
(i.e., between Session 1 when children were 6/7 years, and Session
2 when the children were 7/8 years). Simner et al. found that on
average, genuine synesthetes acquired 6.4 new fixed grapheme-
color associations over that year: at age 6/7 years synesthetes were
consistent over 10 s in the coloring of 10.5 graphemes on average
(out of 36 letters and numbers), while at age 7/8 years they were
consistent on 16.9 graphemes over 10 s. In other words, synes-
thetes were moving from a state where their colors were largely
in flux, to a state where almost half of graphemes were fixed to a
consistent color, at least over a 10-s retest. In the current study we
will test how this pattern of acquisition has continued to develop
now the children are aged 10/11 years. Since adults have consis-
tent colors for around 80–100% of their graphemes, we anticipate
a higher proportion of fixed colors in older vs. younger children.
We will assess this by comparing how consistently our synesthetes
pair graphemes with colors over a 10 s retest at 10/11 years to how
they did when they were younger (at age 6/7 and /7/8 years).
In summary, Simner et al. (2009) tested children aged 6/7 years
(Session 1) and again aged 7/8 years (Session 2). Children made
grapheme-color selections twice in each session and we label these
Selections 1a/b and Selections 2a/b. In the current study, we will
test the children again in a Session 3, using the same task where
they will again make grapheme-color selections twice across a 10-
s gap (Selections 3a/b). We will again identify synesthetes as those
children who show consistent color choices both in immediate
retest (Selection 3a vs. 3b; i.e., a 10 s gap) and in a delayed retest
(Selection 3 vs. Selection 1; i.e., a 4-year gap1). As before synes-
thetes will need to significantly outperform their peers on both
criteria. Once synesthetes are identified here we will next evalu-
ate how many of their graphemes now have fixed colors at age
10/11 years (Selection 3a vs. 3b) and compare this to how many
were fixed at age 7/8 years (Selection 2a vs. 2b) and at age 6/7
years (Selection 1a vs. 1b). We predict that synesthetes will show
an incremental increase in the number of fixed colors from the
younger to the older testing age.
EXPERIMENTAL INVESTIGATION
The eight previously identified synesthetes and their high and
average memory controls will be given the same consistency task
administered in previous testing sessions by Simner et al. (2009)
1See methods for how delayed consistency is calculated with respect to the
four different comparisons possible here (Selections 3a vs. 1a; 3b vs. 1b; 3a vs.
1b; 3b vs. 1a).
and will be assessed using similar criteria. The synesthetes that
continue to consistently associate graphemes and colors to a
significant degree, in both immediate and delayed retests, shall
be re-confirmed as genuine synesthetes at 10/11 years old. The
development of grapheme-color synesthesia shall then be inves-
tigated by assessing the acquisition of synesthetic associations
from ages 6/7 to 10/11 in comparison to the development of
non-synesthetic children with both high and average memories.
METHODS
Participants
We tested 80 of the 87 children previously tested by Simner
et al. (2009). In that earlier study, children had been identified
as either synesthete, high-memory non-synesthete or average-
memory non-synesthete (see above). Seven high-memory and
10 average-memory non-synesthetes were untraceable for the
current study, although we were able to replace all 10 average-
memory non-synesthetes with children from the same population
(i.e., children whose immediate consistency score in Session 1 fell
within the average range: either 3 or 4, out of 36 graphemes). The
original 40 average-memory non-synesthetes tested by Simner
et al. had been orthogonally crossed for age (6 vs. 7 years in
Session 1) and sex; our replacements allowed us to fully main-
tain this for age, and virtually maintain this for sex (19 males; 21
females). We also tested the eight children previously classified as
synesthetes (five female) and the remaining 32 classified as high-
memory non-synesthetes (22 females). All participants were 6/7
years when first tested by Simner et al. (2009), and are described
here as aged 10/11 years for conciseness, although five children
were still 9 at the time of our testing here, and ten children had
just turned 12 (due to the particular timings and duration of our
testing). Our study was approved by the local ethics board and
written consent was given by head teachers and parents.
Materials and procedure
Our consistency task was a computerized test taken from Simner
et al. (2009; and previously, from Simner et al., 2006) which
individually presents the 26 letters and the digits 0–9 (i.e., 36
graphemes) alongside an electronic palette of 13 colors (black,
dark blue, brown, dark green, gray, pink, purple, orange, red,
white, light blue, light green and yellow). These colors are based
on Berlin and Kay’s (1969) irreducible color terms, with the addi-
tion of dark and light variants of blue and green2. Both the order
of graphemes and the trial-by-trial configuration of colors were
randomized for each participant. Graphemes were displayed in
black Ariel font against a white background on the left side of
the screen, taking up approximately 40% of the screen-height.
As in Simner et al. (2009) participants were told they would
2Simner et al. (2009; p. 59) point out “[a]lthough synesthetes” colors are
highly specific (e.g. Ward et al., 2005) and could be closely approximated with
sufficient time and effort using an extensive palette comprising many thou-
sands of colors (as we have done elsewhere; e.g., Simner et al., 2006), prior
studies have shown that a presentation of our condensed palette allows for a
successful assessment of synesthesia that is practical for large numbers of par-
ticipants, or for those with limited attention (Day, 2005; Simner et al., 2006).
When faced with the core palette, synesthetes are systematic in their choices,
while non-synesthetes are significantly more random (Simner et al., 2006).”
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be playing a short computer “game” and would be required to
select with a computer mouse the “best” color for each grapheme
as promptly as possible. They were also told that there was no
right or wrong answer but that they should avoid selecting the
same color repeatedly. A paper print-out of a screen-shot was
used to illustrate what the task entailed. Approximately 10 s after
completing all 36 graphemes, participants performed an imme-
diate surprise retest, in which the order of graphemes and color
configurations were re-randomized. (Specifically, our program
presented all 36 graphemes in a random order, then paused for
10 s, then began again, showing the same, but re-randomized,
graphemes. During the pause, children were told to wait a few
moments and then to “carry on as before.”) The task took ∼5min
to complete.
RESULTS
Synesthete status
We remind the reader that our participants have now been tested
in three sessions, and that within each session they made two
color selections for each grapheme, either side of a 10-s pause.
We have termed these: Session 1 (age 6/7 years; Selections 1a and
1b), Session 2 (age 7/8 years; Selections 2a and 2b) and Session
3 (age 10/11 years; Selections 3a and 3b). Sessions 1 and 2 were
conducted by Simner et al. (2009) and Session 3 is added here.
Below, we identify children who are “Session 3 synesthetes
(aged 10/11 years)” by comparing how consistently our par-
ticipants paired graphemes to colors both within and across
testing sessions. Following Simner et al. (2009), for a child to
qualify as a synesthete he/she must satisfy both of the follow-
ing requirements: be significantly more consistent in immediate
consistency (Selections 3a vs. 3b) compared to average-memory
non-synesthetes AND be significantly more consistent in delayed
consistency over four years (Selections 1a vs. 3a or Selections 1b
vs. 3b 3) compared to the mean consistency of their peer-group
(n = 615) over 10 s in Session 1. (To rephrase this, delayed consis-
tency requires that the associations made by synesthetes at age 6/7
years remain significantly more consistent over four years, than
their peers’ associations remained over 10 s only).
We shall assess all 80 children for synesthesia, notwithstand-
ing the fact that only eight were recognized as synesthetes at an
earlier age by Simner et al. (2009). This is because some true
synesthetes may have evaded identification in Sessions 1 and 2,
perhaps because their development was slower than their synes-
thetic peers. (Equally, we may also find that some cases of verified
synesthesia may now have declined with age).
3Following Simner et al. (2009), we point out that children gave four colors
for each grapheme in total in Sessions 1 and 3. Therefore, delayed consis-
tency could, in theory, be calculated by any of four different comparisons
(Selections 1a vs. 3a; 1b vs. 3b; 1a vs. 3b; 1b vs. 3a). As in Simner et al. (2009),
we conservatively discounted matches across first and second presentations
(e.g., Selections 1a vs. 2b), and conservatively disallowed high consistency to
be achieved by a mix of consistency from within first presentations and within
second presentations (e.g., four consistently cultured graphemes in Selections
1a vs. 2a, and three consistently cultured graphemes in Selections 1b vs. 2b
does not equal a score of seven). For further conservativeness, we discounted
anymatches across light and dark versions of the same color (e.g., “light green”
vs. “dark green” was considered a mismatch).
Immediate consistency
To achieve the status of a genuine synesthete at 10/11 years, a
child must first significantly outperform average memory non-
synesthetes (n = 40) tested for immediate consistency in Session
3. Participants’ scores were collapsed across both age and sex since
Session 3 average-memory controls showed no significant effect
for either factor (although there was a trend for girls to perform
better) [age: Fage(1, 36) < 1; Fsex(1, 36) = 3.31, p = 0.08] and there
was no interaction [Fage∗sex(1, 36) > 1]. We calculated a cut-off
value at 1.96 standard deviations above the control mean, both
for letters (mean = 4.1; SD = 2.9; cut-off = 9.8) and numbers
(mean= 1.7; SD = 1.6; cut-off= 4.9). As such, synesthetes had to
achieve a consistency of at least 10/26 for letters or 5/10 for num-
bers. We describe how participants satisfied these criteria further
below.
Delayed consistency
The delayed consistency criterion required synesthetes to score
significantly higher over a four years gap than their peer group
(n = 615) had scored over 10 s in Session 1. In Session 1, girls had
performed similarly to boys although 7 year olds (n = 275) signif-
icantly outperformed 6 year olds (n = 332). As such our delayed
consistency analysis in Session 3 requires us to assess the two age
groups separately. Table 1 summarizes the means, standard devi-
ations and synesthetic criteria (1.96 SD above the mean) for each
age group, from Simner et al. (2009); synesthetes who were 6
when first tested now require a 4-year delayed consistency of at
least 6/26 for letters or 3/10 for numbers, while those who were 7
years require 8/26 or 4/10.
Six children indeed satisfied both immediate and delayed con-
sistency criteria, and on this basis can be recognized as Session 3
synesthetes (aged 10/11 years). These were five of the eight synes-
thetes from Simner et al. (2009; HM, JC, DJ, GT, MA) and one
child previously categorized as a high-memory non-synesthete
(CM; female; aged 6 when first tested). All children who contin-
ued to be classified as such from in Simner et al. (2009) remained
within the same variant(s) (i.e., either letter-color and/or digit-
color) apart from DJ who moved from letter/digit-color synes-
thesia to just letter-color synesthesia.
We also identified six additional children who were very
close to achieving our rigorous standards, three of whom were
previously identified by Simner et al. (2009) as synesthetes
Table 1 | Descriptive statistics for children (n = 615) aged 6 and 7
years from Simner et al. (2009).
Age (years) Letters (/26) Digits (/10)
Mean SD Cut-offs Mean SD Cut-offs
6 2.3 1.7 5.5 0.9 0.9 2.7
7 2.8 2.3 7.2 1.1 1.1 3.2
Table shows means and standard deviations (SDs) from immediate consistency
over 10 s in Session 1 (i.e., Selection 1a vs. 1b) for letters and digits. It also shows
the values of the “cut-offs” by which we identified synesthetes (mean plus
1.96*SD; i.e., synesthetes must perform significantly higher than the mean).
Session 3 synesthetes must score at or above this cut-off in a four-year retest.
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Table 2 | Session 3 synesthetes and “near-misses,” indicated by
checks and question marks respectively.
ID Sex Age Session 3 Synesthete status
Session1 immediate after Session 3
consistency ( =confirmed;
? = near-miss)
Letters Digits Letters Digits
DJs m 6 21 8 
GTs f 7 24 8 
HMs m 6 15 6  ?
JCs f 6 18 7  
MAs m 7 16 8  
CM f 6 16 7  
CDs f 6 12 4 ?
MWh f 7 11 4 ?
MHa M 7 10 5 ?
CCs f 6 5 6 ?
DMs f 6 7 4 ?
ETh m 7 4 4 ?
Columns 1–3 show ID (with previous status in sub-script; s, synesthete, h, high-
memory non-synesthete, a, average-memory non-synesthete), sex (m, male; f,
female), and age in years when first tested by Simner et al. (2009). Columns
4–5 show immediate consistency in Session 3 (Selections 3a vs. 3b), out of
26 for letters, and 10 for digits. Gray highlighting indicates that this immediate
consistency satisfied the synesthetic criterion.
(CC, CD, DM), two as high memory non-synesthetes (MW, ET),
and one as an average memory control (MH; whom we recruited
as a replacement so did not test in Session 2). These six children
achieved the required consistency either for immediate or delayed
consistency, andmissed the other criterion by only one point (i.e.,
fell short on only one letter or digit). In all cases, we verified
that high consistency had not been achieved by using only a lim-
ited color palette (e.g., choosing the color red throughout) and
indeed, on this basis, we eliminated a further child who had also
approached significance.
In Table 2 above we summaries our findings from Session 3 for
all children of interest described above. Our six confirmed Session
3 synesthetes are above the triple line, and our “near-misses” (i.e.,
those who satisfied one criterion and almost satisfied the other)
are below the line. Their statuses are shown by checks or question
marks, respectively, in the final two columns. The previous sta-
tus of all children at a younger age (from Simner et al., 2009) is
shown by sub-script next to their ID. The table also shows imme-
diate consistency scores for letters and digits in Session 3, with
gray shading indicating cells where immediate consistency was
within the synesthetic range. Note therefore, that any children
considered “near misses” who do not have gray shading (i.e., DM
and ET) satisfied synesthetic consistency in delayed, rather than
immediate consistency.
An example of the striking consistency of synesthetes across
all three testing sessions can be seen in Figure 1. This shows the
colored digits of synesthete JC when she was 6 years old, and then
FIGURE 1 | Color choices in the first presentation of digits (0–9) in
Sessions 1–3 for synesthete JC (i.e., over 4 years) and those from an
aged matched control SB (over 10 s; in Session 1).
again one, and four years later. It is clear that the selections she
made in Session 1 remain considerably more consistent over four
years than those made by an age-matched average control (SB)
over just 10-s.
Synesthetic development
Above we have identified six Session 3 synesthetes (age 10/11
years). Here we now consider the development of their synesthe-
sia over time. By examining their immediate consistency scores
in Session 3 (i.e., Selections 3a vs. 3b) we can estimate how
many graphemes had their own single fixed color at this age,
at least to the extent that this color remained consistent in a
10-s retest. Our approach shows that on average, 10/11 years
old synesthetes had fixed colors for 25.7 out of 36 graphemes
(SD 4.1), while high memory non-synesthetes had 7.4 (SD 4.4),
and average non-synesthetes had 5.8 (SD 4.2). To evaluate these
group differences we have remained agnostic about the status
of the six “near-miss” children who fell just short of synesthesia
(see above). Instead, we have left these six within their origi-
nal groups (i.e., either high or average memory non-synesthetes)
apart from CC, CD, and DM whom we have moved from the
synesthete to high memory group (since they had superior imme-
diate consistency in session 1 but are not currently considered
synesthetes).
Figure 2 shows our Session 3 data combined with earlier ses-
sions from Simner et al. (2009), to illustrate how synesthetes have
developed fixed colors over time. Figure 2 shows the immedi-
ate consistency for 36 colored graphemes (over 10-s) at ages of
6/7 years (Selections 1a vs. 1b) and 7/8 years (Selections 2a vs.
2b) and 10/11 years (Selections 3a vs. 3b). We have converted
these consistencies to percentages to better illustrate the rate of
development.
Figure 2 shows that synesthetes have a sharper rate of acquisi-
tion of colored graphemes, compared to what might be expected
from other children with average or high-memories. Over the
4-year testing period, synesthetes acquired on average 13.3 new
fixed colored graphemes (9.2 letters, and 4.0 digits, within
each variant), while high and average memory non-synesthetes
improved across sessions by less than 3 graphemes.
We point out that that a subset of our synesthetes achieved
synesthetic status for letters only (rather than for all graphemes)
meaning that they should not be expected to achieve 36 fixed col-
ored graphemes even in a fully-formed adult state. However, we
can report that the pattern of acquisition shown in Figure 2 is a
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FIGURE 2 | Percentage of consistent colors selected by the three
participant groups (see legend) in their immediate consistency of 36
graphemes within Sessions 1, 2 and 3 (ages 6/7, 7/8, 10/11
respectively). Intervening years have no data because no testing took
place at these ages.
FIGURE 3 | Number of consistent colors selected within Sessions 1, 2
and 3 (ages 6/7, 7/8, 10/11 respectively) for letter-color synesthetes
(out of 26; left panel) and digit-color synesthetes (out of 10; right
panel). Black lines indicate Session 3 and 2 synesthetes; gray lines indicate
Session 3 (only) synesthetes; dotted lines indicate Session 2 (only)
synesthetes; dash/dotted lines with diamond data-markers indicate the
means of average memory controls.
good approximation for the pattern when synesthetes are broken
down by type. For example, Figure 2 shows approximately 71.3%
of the 36 graphemes were fixed in color for all synesthetes at aged
10/11 years, and indeed this figure is very similar for those with
the letter-color variant (70.5%) or the digit-color variant (73.5%).
Nonetheless, for further clarification on how synesthesia develops
within each variant, Figure 3 below shows the case-by-case devel-
opment of letter-color synesthetes (left panel) and digit-color
synesthetes (right panel) separately. We have included not only
children classified as synesthetes in both Session 3 and Session 2
(indicated by solid lines), but also those classified in Session 2
only (indicated by dotted lines) and those classified in Session
3 only (indicated by gray, rather than black, lines). These lat-
ter two groups can be thought of as children having synesthesia
that is, respectively, either dying out, or developing more slowly
than their peers. Finally, we also show in Figure 3 the progres-
sion of average memory controls (dash/dotted line with diamond
data-markers).
DISCUSSION
Our study re-assessed the synesthetic status of children aged 10/11
years who had previously been identified as synesthetes by Simner
et al. (2009) when they were aged 6/7 and 7/8 years. We again
identified synesthetes using the gold standard behavioral measure
assessing how consistently graphemes are paired with colors over
time. In our test, children aged 10/11 years paired graphemes with
colors, and their selections were compared across a 10-s retest
(immediate consistency), and also to selections they had made
four years earlier (delayed consistency). Like Simner et al. (2009)
we required synesthetes to outperform controls in both types of
measure.We also assessed the synesthetic status of a group of chil-
dren who had previously been classified as being non-synesthetes
with high memories, on the assumption that some may in fact be
more-slowly developing synesthetes. Finally, we also tested here
a group of average memory non-synesthetes to serve in a con-
trol condition. Once we had identified who were synesthetes from
among our total sample, we compared their inventories of colored
graphemes at different ages to observe how their synesthesia had
developed over time (from age 6/7 to 7/8 to 10/11 years).
We found that five of the eight children previously identi-
fied as grapheme-color synesthetes at a younger age continued to
satisfy synesthetic criteria in our current study. In other words,
these children have now shown hallmarks of synesthesia across
four years. We also found a sixth synesthete, not previously clas-
sified as such in earlier testing. Her case is unusual: her colors
were consistent over 10 s when she was 6, then over one year, and
again over 4 years, and they were also highly consistent over 10-
s within this final test session (aged 10/11). However, in Session
2 there was a lot of variation in her colors when immediately
retested, and for this reason she was classified by Simner et al.
(2009) as a high-memory non-synesthete. If our current assump-
tion is correct, and she is indeed a genuine synesthete, we have
two possible interpretations: either there was a period of par-
ticular flux in her synesthetic colors when she was 7 years old
(in Session 2) or she was tired/distracted during that test. The
latter is at least plausible, since her first selection of colors in
Session 2 (i.e., Selection 2a) were significantly consistent with
those from a younger age, while her second selection (Selection
2b) was not (0%match). It is possible therefore that her attention
to the task waned during the second testing session conducted by
Simner et al. (2009).
Our study might also lend support to the notion that synes-
thetic ability can die out over time, because three children who
were previously classified as synesthetes at an earlier age no longer
satisfied these requirements in our most recent test. Since each
evaluation of synesthesia is made against age-matched controls,
we can assume these children were synesthetes at an earlier testing
session, and hence, we might therefore have empirical evidence of
what could be considered “synesthetic demise” (i.e., the decline of
synesthesia within an individual such that it is no longer appar-
ent at a recognized level at a later age). This seems to fit with
previous anecdotal evidence from adults who have given sub-
jective accounts of synesthetic ability in childhood that they no
longer possess as adults. This is also evidenced by the fact that
one of our Session 3 synesthetes has gone through a transition
from being a letter and digit synesthete at age 7/8 to only a letter
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synesthete at age 10/11. Nonetheless, it is possible too that the
synesthesia of these three children is merely different in character-
istic to those of their peers. Two of these cases in particular were
highly consistent over 10 s when tested here, but failed to show
high enough consistency compared to the colors they provided
four years ago. It is therefore possible that they remain synes-
thetes but that their colors have simply developed away from those
first experienced when they were much younger. If this is true, we
would predict that a future test of consistency will show high con-
sistency between their current inventories (age 10/11), and those
generated at a future date.
For our unequivocal synesthetes, we also examined their devel-
opment across four years and found that grapheme-color synes-
thesia appears to moves from a more chaotic to less chaotic
system. When synesthetes were 6/7 years old, only around a third
of graphemes on average had colors fixed enough to endure in
a 10-s retest. By the age of 7/8 this had risen to almost 50%,
and at age 10/11 this is now over 70%. This development far
exceeds the type of normal age-related changes we might expect
from non-synesthetic children in the same task, as evidenced
by the performance of our average- and high-memory controls
(see Figure 2). Our study also allows us to confirm that the rate
of acquiring fixed colors for letters slows down as synesthetic
children age (see Figure 2). Synesthetes acquired on average 6.4
graphemes over the 12 months between Sessions 1 and 2, but
only another 4.2 graphemes across the entire three years that
followed. A more linear acquisition would have predicted that
synesthetes would have acquired all 36 grapheme-color associ-
ations by age 10/11 years. Instead, we found that synesthetes
are still below the 100% consistency that can characterize fully
mature grapheme-color synesthesia, although our children are
developing at different rates. Despite a the group-mean of ∼70%,
synestheteMA already has 80% of his digits fixed with color, while
GT has 92% of her letters. Hence although it may take several
more years before these children achieve their full complement
of grapheme-color associations, some are likely to achieve this
sooner than others. It remains a point of investigation to track
these children into stable adult-like profiles before we can appre-
ciate the complete picture of the development of grapheme-color
synesthesia.
This third installment of findings on the development of
grapheme-color synesthesia provides valuable insights because
it shows how synesthesia unfolds over time. Another recent
study has also provided compatible data on development, this
time in a far younger population. Spector and Maurer (unpub-
lished, reported in Maurer et al., 2013) conducted a longitudinal
study testing three pre-school children who were aged 3.5–4.5
years when the test began. These children had synesthetic moth-
ers and so were reasonably likely to be synesthetes themselves,
given familial inheritance patterns (e.g., Ward and Simner, 2005).
Spector and Maurer provided 96 colored crayons, and children
colored up to one grapheme per day and then immediately
repeated the cycle, between three and six times. These three
putative synesthetes were far more consistent on their choice of
colors across cycles than age-matched controls (who were not
at all consistent), and their consistency increased as the cycles
advanced; children were 40% consistent in the first two cycles,
aged 3.75–4.75, but were around 75% consistent in the final two
cycles, age 4.5–5.5. This very high consistency score at age only 5.5
years, in the face of our own data, suggests thesemay be somewhat
special synesthetes. Our own study here of randomly sampled
child synesthetes predicts that consistency around age 5 should
be less than 30%. We see two possible interpretations: either this
study happened to sample particularly synesthetic children, or the
task itself—with its repetitive coloring of graphemes performed
on between 78 and 156 different days depending on the child—
may have reinforced colors earlier than otherwise expected. A
final possible interpretation is that the children self-referred by
research-interested synesthetic parents may be non-representative
of more randomly sampled children per se. What is interesting,
however, is that both this study and our own shows the devel-
opment of synesthesia from more fluctuating to less fluctuating
colors.
The issue of self-referral is an important one, on which we
will therefore dwell a little longer. Other studies have also inves-
tigated childhood synesthesia, but again used samples of children
likely to have been brought forward for testing by their synesthetic
parents. Green and Goswami (2008) showed that a synesthetic
population of children show cognitive benefits (e.g., in vocabu-
lary and mathematics). Although Green and Goswami provided
valuable information about the cognitive abilities of these chil-
dren, it is not clear how much their findings can be extended to
child synesthetes in general. It is likely that the children of parents
with an interest in science, and the engagement in science, and
in synesthesia in general, may have children who naturally score
higher in the types of tests used in this study in any case. Hence,
we are currently testing our own population, of randomly sam-
pled synesthetes, on a range of test of cognitive tests in the hope
this will reveal the true abilities of child synesthetes randomly
sampled.
Although we have successfully identified a number of child
synesthetes and tracked their development, we must acknowl-
edge the shortfalls of our methodology based on the same reasons
identified by Simner et al. (2009). In particular, we point out
that our methods will necessarily underestimate the prevalence
of childhood synesthesia, and this is because it relies on the
test of consistency over time. Although this is a reliable test
for adult synesthetes, who are generally highly consistent (e.g.,
100%) in their synesthetic associations, our study itself shows
that child synesthetes only acquire this consistency with time.
Hence any study aiming to identify child synesthetes by their
consistency is using a necessarily weak metric (see Simner et al.,
2009 for full discussion). Furthermore, recent papers (Cohen
Kadosh and Terhune, 2012; Eagleman, 2012; Simner, 2012) have
asked whether high consistency is a true hallmark of synesthe-
sia at all, or whether instead it characterizes only a subset of
synesthetes. In other words, although all contemporary studies
identify synesthetes by their consistency over time there may yet
be some synesthetes overlooked by these studies who have vary-
ing and fluctuating colors, even into adulthood. Given both of
these considerations, our study may have identified only a subset
of child synesthetes with particularly early-developing synesthe-
sia, or with particularly consistent synesthesia. Nonetheless, our
study remains informative about this particular population per se.
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Our study might be considered alongside theories about neu-
rodevelopment in synesthesia. We have seen that grapheme-color
synesthesia already exists in a nascent state at age 6 years, and that
it develops slowly through childhood. Studies of adult grapheme-
color synesthetes suggests it arises through “cross-activation”
between adjacent brain regions involved, on the one hand, in
the recognition of graphemes and words (the “visual word form
area”; VWFA) and on the other, in color processing (e.g., V4;
Hubbard et al., 2005; Rouw and Scholte, 2007). Importantly,
since grapheme-color synesthesia relies on knowledge of cultur-
ally acquired symbols, it could not exist as such in in infancy.
Hence, although the left-hemisphere language areas are already
well-organized for the perception of spoken language in infants
(Dehaene-Lambertz et al., 2006a,b) it is only later, when learning
letters and numerals, that the types of representations required
to drive grapheme-color synesthesia can be established. Here we
see grapheme-color synesthesia developing in behavioral terms,
alongside these children’s growing familiarity with letters and
digits.
In summary, we have identified child synesthetes, and
observed their development longitudinally over three testing ses-
sions spanning four years. We have seen that their synesthesia
develops from relatively fluid pairings of graphemes to colors,
which form more fixed associations at later ages. We have seen
cases of synesthesia perhaps dying out over time, or developing
more slowly in some individuals over others. We have been able
to say with relative certainty that six children in our sample are
synesthetes, and that a further six may be potential cases to be
observed in future studies. Indeed, a number of questions raised
here can be addressed by future testing, and we have one such
study in preparation. Our participants were 10/11 years old at the
time of testing for the current paper but are now 14/15 years of
age. We therefore anticipate that their status as synesthetes might
now be further informed by their own meta-awareness. Older
synesthetes are able to self-report whether they have synesthetic
experiences in a way that is far less tractable in younger chil-
dren (and hence self-disclosure of synesthesia was not used as
part of the methodology in the current study). Future observa-
tions of these synesthetes into adulthood might therefore rely on
both objective and subjective reporting. Moreover, future studies
might ask whether or to what extent similar developmental trajec-
tories also characterize other forms of synesthesia, such as colors
triggered by sound/music for example. Sound-color synesthesia
relies on different “cultural artifacts,” such as cultural dictates
for musical meter and pitch structure, characteristics which are
learned even in infancy (Soley and Hannon, 2010). Such differ-
ences in development with respect to inducers might therefore
be expected to cause different developmental trajectories in the
synesthesia itself. We hope that future studies might find ways
to overcome existing obstacles in recruiting of child synesthetes,
which have thus far hindered developmental research in the field.
We also anticipate that future studies could provide informa-
tion about the implications of synesthesia on other aspects of
cognitive development. Green and Goswami (2008) suggest that
young synesthetes might have a particular cognitive profile dif-
ferent from their peers. In addition, Simner et al. (2009) showed
that synesthesia is relatively common in schools, with on average
two to five grapheme-color synesthetes in every primary schools
in the United Kingdom and United States respectively. If synes-
thesia can be linked to a particular cognitive profile (i.e., assets
or deficits), as current adult studies also suggest (e.g., Meier and
Rothen, 2013) then it will become more important to identify
and understand synesthesia in childhood, and to address the
particular educational needs of synesthetic children.
REFERENCES
Asher, J. E., Lamb, J. A., Brocklebank,
D., Cazier, J. B., Maestrini, E.,
Addis, L., et al. (2009). A whole-
genome scan and fine-mapping
linkage study of auditory-visual
synesthesia reveals evidence of link-
age to chromosomes 2q24, 5q33,
6p12, and 12p12. Am. J. Hum.
Genet. 84, 279–285. doi: 10.1016/j.
ajhg.2009.01.012
Baron-Cohen, S., Wyke, M., and
Binnie, C. (1987). Hearing words
and seeing colours: an experimental
investigation of a case of synaes-
thesia. Perception 16, 761–767. doi:
10.1068/p160761
Berlin, B., and Kay, P. (1969). Basic
Color Terms: Their Universality and
Evolution. Berkeley, CA: University
of California Press.
Cohen Kadosh, R., and Terhune, D.
B. (2012). Redefining synaesthe-
sia? Br. J. Psychol. 103, 20–23. doi:
10.1111/j.2044-8295.2010.02003.x
Day, S. (2005). “Some demographic
and socio-cultural aspects of synaes-
thesia,” in Synesthesia: Perspectives
from Cognitive Neuroscience, eds L.
C. Robertson, and N. Sagiv (New
York, NY: Oxford University Press),
11–33.
Dehaene-Lambertz, G., Hertz-Pannier,
L., and Dubois, J. (2006a). Nature
and nurture in language acqui-
sition: anatomical and functional
brain-imaging studies in infants.
Trends Neurosci. 29, 367–373. doi:
10.1016/j.tins.2006.05.011
Dehaene-Lambertz, G., Hertz-Pannier,
L., Dubois, J., Mériaux, S., Roche,
A., Sigman, M., et al. (2006b).
Functional organization of peri-
sylvian activation during presen-
tation of sentences in preverbal
infants. Proc. Natl. Acad. Sci. U.S.A.
103, 14240–14245. doi: 10.1073/
pnas.0606302103
Dixon, M. J., Smilek, D., Cudahy, C.,
and Merikle, P. M. (2000). Five plus
two equals yellow. Nature 406, 365.
doi: 10.1038/35019148
Dixon, M. J., Smilek, D., and Merikle,
P. M. (2004). Not all synaesthetes
are created equal: projector ver-
sus Associator synaesthetes. Cogn.
Affect. Behav. Neurosci. 4, 335–343.
doi: 10.3758/CABN.4.3.335
Eagleman, D. M. (2012). Synaesthesia
in its protean guises. Br. J. Psychol.
103, 16–19. doi: 10.1111/j.2044-
8295.2011.02020.x
Eagleman, D. M., Kagan, A. D., Nelson,
S. S., Sagaram, D., and Sarma,
A. K. (2007). A standardized test
batteryfor the study of synes-
thesia. J. Neurosci. Methods 159,
130–145. doi: 10.1016/j.jneumeth.
2006.07.012
Edquist, J., Rich, A. N., Brinkman,
C., and Mattingly, J. B. (2006). Do
Synesthetic colours act as unique
features invisual search? Cortex
42, 222–231. doi: 10.1016/S0010-
9452(08)70347-2
Green, J. A. K., and Goswami, U.
(2008). Synaesthesia and number
cognition in children. Cognition
106, 463–473. doi: 10.1016/j.
cognition.2007.01.013
Grossenbacher, P. G. (1997).
“Perception and sensory informa-
tion in synesthetic experience,” in
Synesthesia: Classic and Contem-
poraryReadings, eds S. Baron-Cohen
and J. Harrison (Cambridge, MA:
Blackwell), 148–172.
Hubbard, E. M., Arman, A. C.,
Ramachandran, V. S., and Boyton,
G. M. (2005). Individual differ-
ences amonggrapheme-colour
synaesthetes: brain behavior corre-
lations. Neuron 45, 975–985. doi:
10.1016/j.neuron.2005.02.008
Huttenlocher, P. R., and Dabholkar,
A. S. (1997). Regional differences
in synaptogenesis in human cere-
bral cortex.J. Comp. Neurol. 387,
167–178.
Maurer, D. (1997). “Neonatal synesthe-
sia: implications for the processing
of speech and faces,” in Synesthesia:
Classic and Contemporary Readings,
eds S. Baron-Cohen and J. E.
Harrison (Oxford: Blackwell
Publishing Ltd.), 193–213.
Maurer, D., Gibson, L. C., and Spector,
F. (2013). “Synesthesia in infants
and very young children,” in
Oxford Handbook of Synesthesia,
eds J. Simner and E. M. Hubbard
(Oxford: Oxford University Press),
46–63.
Meier, B., and Rothen, N. (2013).
Grapheme-colour synaesthesia is
associated with a distinct cognitive
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 603 | 8
Simner and Bain Grapheme-color synesthesia: a longitudinal study
style. Front. Psychol. 4:632. doi:
10.3389/fpsyg.2013.00632
Mondloch, C. J., and Maurer, D.
(2004). Do small white balls
squeak? Pitch-object correspon-
dences in youngchildren.Cogn.
Affect. Behav. Neurosci. 4, 133–136.
doi: 10.3758/CABN.4.2.133
Neville, H. (1995). “Developmental
specificity in neurocognitive
development in humans,” in The
Cognitive Neurosciences, ed M.
Gazzaniga (Cambridge, MA: MIT
Press), 219–231.
Rich, A. N., Brashaw, J. L., and
Mattingley, J. B. (2005). A
systematic large scale study of
synaesthesia:implications for the
role of early experience in lexical-
colour associations. Cognition 98,
53–84. doi: 10.1016/j.cognition.
2004.11.003
Rouw, R., and Scholte, H. S. (2007).
Increased structural connectivity
in grapheme-colour synaesthesia.
Nat. Neurosci. 10, 792–797. doi:
10.1038/nn1906
Simner, J. (2012). Defining synaesthe-
sia. Br. J. Psychol. 103, 1–15. doi:
10.1348/000712610X528305
Simner, J., Harrold, J., Creed, H.,
Monro, L., and Foulkes, L.
(2009). Early detection markers
for synaesthesia inchildhood pop-
ulations. Brain 132, 57–64. doi:
10.1093/brain/awn292
Simner, J., Mulvenna, C., Sagiv,
N., Tsakanikos, E., Witherby,
S. A., Fraser, C., et al. (2006).
Synaesthesia: the prevalence of
atypical cross-modal experiences.
Perception 35, 1024–1033. doi:
10.1068/p5469
Soley, G., and Hannon, E. E. (2010).
Infants prefer the musical meter
of their own culture: a cross-
cultural comparison. Dev. Psychol.
46, 286–292. doi: 10.1037/a0017555
Spector, F., and Maurer, D. (2009).
Synesthesia: a new approach to
understanding the development
of perception.Dev. Psychol. 45,
175–189. doi: 10.1037/a0014171
Tomson, S. N., Avidan, N., Lee, K.,
Sarma, A. K., Tushe, R., Milewicz,
D. M., et al. (2011). The genetics of
colored sequence synesthesia: sug-
gestive evidence of linkage to 16q
and genetic heterogeneity for the
condition. Behav. Brain Res. 223,
48–52. doi: 10.1016/j.bbr.2011.
03.071
Ward, J., Huckstep, B., and Tsakanikos,
E. (2006). Sound-colour synaesthe-
sia: to what extent does it use
cross-modal mechanisms common
to us all? Cortex 42, 264–280. doi:
10.1016/S0010-9452(08)70352-6
Ward, J., and Simner, J. (2003).
Lexical-gustatory synaesthesia:
linguistic and conceptual fac-
tors. Cognition 89, 237–261. doi:
10.1016/S0010-0277(03)00122-7
Ward, J., and Simner, J. (2005). Is
synaesthesia an X-linked domi-
nant trait with lethality in males?
Perception 34, 611–623. doi:
10.1068/p5250
Ward, J., Simner, J., and Auyeung, V.
(2005). A comparison of lexical-
gustatory and grapheme-colour
synaesthesia, Cogn. Neuropsychol.
22, 28–41. doi: 10.1080/026432904
42000022
Weiss, P. H., Fink, G. R., and Gereon, R.
(2009). Grapheme-colour synaes-
thetes show increased gray matter
volumes of parietal and fusiform
cortex. Brain 132, 65–70. doi:
10.1093/brain/awn304
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 02 August 2013; accepted: 04
September 2013; published online: 12
November 2013.
Citation: Simner J and Bain AE (2013)
A longitudinal study of grapheme-color
synesthesia in childhood: 6/7 years to
10/11 years. Front. Hum. Neurosci.
7:603. doi: 10.3389/fnhum.2013.00603
This article was submitted to the journal
Frontiers in Human Neuroscience.
Copyright © 2013 Simner and Bain.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) or licensor are cred-
ited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permit-
ted which does not comply with these
terms.
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 603 | 9
